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THERMODIRAMIC STUDY OF AIR-CYCLE AMD MERCURY-VAPOR-CYCLE SYSTEMS 
FOR REFRIGEEATIMG COOLTMG AIR FOE TUEBIHES OR OTHER COMPOHEHTS 


By Alfred J. Naclitlgallj John. C. Freche^ and Jack B. Esgar 


SUMMARY 

A thermodynamic study was made of air-cycle emd mercury-vapor-cycle 
refrigeration devices to evaluate these methods of refrigerating air hied 
from gas-turhine engine con^ressors. The study was of a general nature^ 
and the results are presented in dimensionless groupings of terms so that 
the use of the systems can he evaluated for a wide numher of applications. 

It appears that for system cou^ressor and turhine efficiencies of 
about 0.70 the air cycle my hold promise as a refrigeration device if 
values of heat-exchanger effectiveness on the order of 0.8 or higher can 
he used. For lower efficiencies or lower values of heat-exchanger ef- 
fectiveness and for the case where it is possible to have a heat sink 
at a temperature lower than that of compressor bleed air, a simple heat 
exchanger is generally capable of refrigerating the bleed air as much 
or more than the air cycle. 

A system employing a mercury-vapor cycle appears feasible for re- 
frigerating air that mnist enter the system at temperature levels of 
approximately 1500° E, and this cycle is more efficient than the air 
cycle. Althou^ the weight of such a device must be considered to deter- 
mine its effect on specific engine wel^t^ a wel^t analysis was not in- 
cluded in this thermodynamic study. 


IKTHODUCTIOR 

This report presents a thermodynamic study of systems for refriger- 
ating air for cooling purposes. Hi£h-alhitude supersonic flight with 
turbojet-powered aircraft can Introduce cooling requirements in the var- 
ious engine components and, accessories as well as in the pilot’s compart- 
ment. When air is the coolant, it is usually desirable to use the lowest- 
temperature air available so as to minimize the quantity needed to main- 
tain an endurable temperature. The pressure level of this air must be 
high enough to overcome duct losses and the pressure in the coolant 
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discharge region. Although ram air is the lovest>tenperature air avail- 
able on an aircraft, this pressure req,uir«aent may preclude its use as 
the primary coolant. The alternative is to bleed interstage air from the 
engine conqpressor at the required pressure level. If the bleed-air tem- 
perature associated vith this pressure is too hl^, it becomes necessary 
to en®loy a device for refrigerating the bleed air. The lower air tem- 
perature thus obtained permits a reduction in the quantity of air needed 
for cooling and may at the same time reduce the required pressure. 

Numerous studies have been made of various vapor-cycle and air-cycle 
refrigeration methods (refs. 1 to 3) . The esqphasls in most of these 
studies has been on supplying a relatively small eunount of air at low 
ten^>eratures for cabin refrigeration or siTallar application. The vapor 
cycles have considered refrigerants in the T^eon class, where the mEiximum 
operation tenperature must be considerably less than 1000® E because of 
the refrigerant properties. A vapor cycle using a refrigerant capable of 
operation at tenperatures in excess of 1500° R would be of Interest for a 
turbine cooling-air refrigeration method. The air-cycle systems have not 
been generalized to the point where they can be readily conpared with 
vapor cycles or aftercoolers for wide ranges of tenperatures, heat- 
exchanger effectiveness, and heat-exchanger pressure-loss ratios. 

Analytical investigations have also been conducted at the NACA Lewis 
laboratory to evaluate the general cooling characteristics of various 
liquid- and air-cooling systems for turbines (refs. 4 and 5, respectively) . 
These studies considered turbine cooling systems applied to an Interceptor 
mission at Mach numbers up to 2.5, an altitude of 50,000 feet, and a 
turbine-inlet tenperature of 2040° F (2500° R) . The systems investigated 
utilized heat rejection to primary burner fuel, to afterburner fuel, and 
to primary bumer-lnlet air. In all cases the turbine cooling air was 
bled from the compressor discharge prior to refrigeration by siny of sev- 
eral devices. Although the studies were incomplete in that the refrigera- 
tion cycles were not generalized to cover conditions other than the design 
points considered, and some effects such as heat-exchanger effectiveness 
and pressure losses were neglected, the study did indicate that compressor 
bleed air can be refrigerated sufficiently so that it will be useful for 
cooling various engine components and accessories for flight Mach numbers 
up to at least 2.5. 

Studies such as those in references 6 and 7 have investigated the 
design of heat exchangers for use in compressor bleed-air refrigeration. 

A number of liquid- cooling systems for turbines in which the heat is re- 
jected to the engine air at various locations with respect to the engine 
compressor are described in reference 8, and the effects of this heat re- 
jection on turbojet- and turboprop-engine performance are also discussed. 

A generalized study of various types of air refrigeration devices in 
which the air tenperature reduction, the power, and the heat-exchanger 
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requirements are all presented on a comparable basis would be useful to 
evaluate the system best suited for a given application. Tbe purpose of 
this investigation is to present this generalized study for the cases 
where (l) heat from the air is rejected to a cooler fluid in a heat ex- 
changer^ (2) the air is cooled by air-cycle refrigeration (several vari- 
ations of the cycle are included), and (3) the air is cooled by mercury- 
vapor -cycle refrigeration. All the systems are con^pared on the basis of 
no pressure change across the entire system, but pressure losses within 
the system such as result from component inefficiencies and heat- 
exchanger pressure losses are considered. Althou^ these systems were 
primarily considered for refrigeration of turbinie cooling air, the results 
are so presented that they will be useful for practically any application 
of an air refrigeration device in 'vdilch there is no pressure change re- 
quired across the entire system. An indication is also given of the 
approximate effect of the power requirements for these refrigeration sys- 
tems on turbojet-engine performance for flight Mach numbers of 2.5 and 3 
and for a turbine-inlet tenperature of 2500° E. 


METHOD OF AHALySIS 
Basis of Analysis and Assunptions 

In order to present the results of several air refrigeration systems 
so that they can be generalized to cover wide ranges of ten 5 »eratures and 
pressure losses, it is desirable to obtain expressions for these results 
in dimensionless form. In addition, it is desirable to present the 
results of all systems in the same form so that each system can be com- 
pared directly. This method of presentation was the goal of the present 
study. For a basis of conparison, the system outlet pressure was speci- 
fied equal to the inlet pressure. Fressui% losses within the system were 
made up by conpression at the system inlet, and the work required was 
charged against the system. Pressure losses in the heat-sink fluid were 
neglected, however. 

Evaluation of systems where constant pressure across the system is 
not specified can often be misleading. Such systems can show substantial 
temperature reductions across the system; however, part of this tenperature 
reduction is obtained by utilizing the pressure ratio across the system. 
This pressure ratio is the result of excess pressure at the system inlet. 
Unless the system outlet temperature is less than the tenperature associ- 
ated with a bleed source where the pressure is equal to the system outlet 
pressure, no real refrigeration is acconplished. 

Two main types of refrigeration systems were analyzed: (l) air-cycle 

refrigeration usi ng a conpressor, heat exchanger, and expansion turbine; 
and (2) mercury-vapor-cycle refrigeration. Several other systems can be 
evaluated as special cases of these main systems. 
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The heat sihfc is not specified in this general analysis. The re- 
ceiver fluid in the sink can he either gas or liq,uid and can he at tem- 
peratures either hi^er or lower than the system inlet-air tenperature. 
JPor an aircraft engine^ possible heat sinks may he ram air^ engine 
compressor-discharge air, fuel, or an expendable vaporizing fluid. 

In TTiakl ng an analysis general, the question arises whether the 
analysis should he made with constant or variable specific heat and, if 
constant, what value should he used. A preliminary error analysis was 
therefore conducted on the air and vapor cycles to determine specific- 
heat effects. By assuming a mean value of the ratio of ^eclflc heats 
of 1.38, corre^ondlng to a specific heat at constant pressure of 0.249 
Btu/(lhH°R)# the maximum error in work amounted to about 2^ percent and 
the maximum error in outlet tenperature to about 1 percent for a range of 
inlet tenperatures T]_ from 550° to 1500° R and conpressor pressure 
ratios up to 10 for the air cycle. For the mercury- vapor cycle, errors 
up to 3 percent can occur in the outlet tenperature for low inlet tem- 
peratures; this error will not exceed 10° R, however. Ho inprovement in 
accuracy over a range of inlet tenperatures was found when variable spe- 
cific heat calculations were made for a mean value of inlet tenperature. 
The errors introduced in this analysis are a function of tenperature 
level more than of tenperature change throug^i the cycle. Based on this 
error analysis, a mean value of 1.38 was used for the ratio of specific 
heats for all the cycles Investigated. 


Air-Cycle Refrigeration 

General analysis . - A generalized system for the air cycle is shown 
in figure 1. The auxiliary-conpressor and -turbine units may be free- 
running or mechanically coupled to the engine shaft. The sketch and 
numbering system for the stations are arranged so that a single analysis 
of the system can be used for a number of cycle variations. For refrig- 
eration systems used in aircraft engines, the main engine conpressor will 
urdoubtedly be used for part of the air-cycle conpression process. For 
illustrative purposes, therefore, the main compressor is shown divided 
into two parts in figure 1. Station 1 can be considered as the location 
on the compressor where the air pressure is the same as the required 
pressure at station 5. 

Any work done on the bleed air in the compressor beyond station 1 
should therefore be charged against the air-cycle refrigeration system. 

The conpression occurring between stations 2 and 3 is beyond the capabili- 
ties of the main engine conpressor. For the. general analysis the com- 
pression occurring between stations 1 and 3 can be considered to take 
Place in a single conpressor, and the total system power will be the 

sum of ^x-2 ^2-5* 
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The symbols used In the derivation of all ecLiaations are given in 
^Ependix A. The derivations of all equations for the air cycle are given 
in appendix B. A generalized expression involving only dimensionless 
groupings of terms can "be written to relate the power required for an air 
cycle to obtain a given cycle temperature ratio for any given conpressor 
pressure ratio; 


lo.a’l** 



= 1 



( 1 ) 


•where tjq ^ Is -the adiabatic efficiency of the entire cycle congresslon 
process from stations 1 to 3. The term t]* is a fictitious turbine 
efficiency Ihat can be related to the adiabatic turbine efficiency 
by the relation 


The term ^ 



is related to the heat-exchanger pressure ratio by 


( 2 ) 



Equations (l)^ (2), and (3) are presented in graphical form in figures 
2, 3, and 4, respectively. 

Although equation (l) is mathematically correct, a specified amount 
of heat must he rejected to a heat sink before the tenperatirre ratio 
5 ^/Ti can be obtained. The heat that is rejected can be expressed in 
terms of the heat-exchanger effectiveness 6^, the tenperature ratio 
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and tlie system compressor pressure ratio Pg/P-j^. The temperature 
ratio that can he obtained for given values of Pg/Pi^ *h> is 



The term used in equation (4) is defined as 



(5) 


The basic definition of heat-exchanger effectiveness considers the right 

/ X ('W^Cn)a 

side of equation (5) to be multiplied by the ratio v r - — , "where 

(wOp)iiQji is "the smaller product of wel^t flow and specific heat of the 


two fluids engaged in heat exchange* Thus, to convert a basic heat- 
exchanger effectiveness ^ "to the effectiveness term employed in "this 
einalysis, "the fol3jowlng equation may be used: 


®h 



(wcp) 


( 6 ) 


By a comibination of equations (l) and (4) the characteristics of an 
air-cycle refrigeration system can be determined. For specific values of 
component efficiencies and heat -exchanger pressure losses and effective- 
nesses, the comibination of the two equations can be used to make plots 
showing the temperature ratio Ts/Tj^ obtained and the power parameter 
^/Wg^Cp g^T^ required for a system "with any compressor pressure ratio 
P^Pl and ratio of receiver fluid temperature "fco inlet-air "temperature 

IbAi- - -- . . - - - 


Free^runnlng cottgpressor and turbine system ^ - For a refrigeration 
application wliere there is a source of hi^-pressure air, such as in a 
gas-turbine engine, it is not always necessary to hare a source of power 
external to the refrigeration cycle to drive the auxiliary con 5 >ressor 
shown between stations 2 and 3 (fig. l) . The power from the auxiliary 
(expansion) turbine is sufficient for driving an auxiliary conqpressor 
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with some pressure ratio. Hereinafter this type of system -will be re- 
ferred to as a free-ruming system. The general equations (l) to (4) 
are still valid for this air cycle, but an additional relation is re- 
quired to specify the auxlliaiy-constressor pressure ratio E 3 /P 2 that 
results when the power from the auxiliary tinrblne is exactly equal to 
that required to drive the auxillaiy con^ressor; 



(7) 


V. J 

After cooler system . - Pbr the case with the simple aftercooler, the 
auxiliary turbine is eliminated and the only purpose of the compressor 
is to overcome the pressure loss in the heat exchanger so that there will 
be no pressure change across the entire system. Such a system can be 
evaluated by letting 


^5 _ 1 .V 

?i ^ ^ 

The power required for the cycle can then be calculated from equation (l) 
with the left side of the equation equal to zero. The power is independ- 
ent of the ten 5 >erature ratio in this case. The temperature ratio 

T 5 /T 1 can be calculated from equation (4)“, which for this special case 
becomes 


Ti 


TlC,a[V 


rzi "I 
.1 

I 



+ 1^ (1 - 61,) + ej, ^ 


(4a) 


Variables Investigated . - Ihe following range of variables for -the 
air-cycle system was investigated: 


System compressor pressure ratio, P3/P1 1 to 10 

System ooii 5 )ressor adiabatic efficiency, tIq ^ . 0.50 to 0.80 

Auxiliary-turbine adiabatic efficiency, 0.50 to 0.80 

Heat-exchanger effectiveness, 0.50 to 1.0 

Heat- exchanger pressure ratio, P4/P3 0.90 to 1.0 

Eatio of receiver to system inlet-air temperature, . 0.6 to 1.2 
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The presentation of results becomes iispractlcaX If too many variables 
Eo:e considered together. Consequently^ most of the results are presented 
for con^aressor and turbine efficiencies of 0.70, heat~exehanger effective- 
ness values of 0.6 to 0.8, emd an heat-exchanger pressure ratio of 0.95. 
These are probably practical values for the size of con^onents that would 
be Involved In refrigeration systems. Variations In these variables were 
Investlrated for cos^)ressor pressure ratios of l/0.95, 2.5, 5, and 10 
for Tr 7^1 1.0. 


Mer cury- Vapor- C^cle Befrlgeratlon 


The mercury-vapor cycle Is shown schematically In figure 5. The 
system operates on the same principle as the household mechanical refrig- 
erator. However, the choice of refrigerants for operation at hl^ tem- 
peratures Is very limited. The data on the thermodynamic properties of 
mercury (enthalpy, entropy, and density) for the desired ten^erature 
range are suitable and readily available for refrigerant tens>eratures up 
to at least 1800*^ B; consequently, mercury was considered as being a 
likely refrigerant (ref. 9) . In this system the air to be refrigerated 
Is passed throu^ an evaporator, where It Is cooled by rejecting heat to 
the refrigerant. Heat absorbed by the refrlgeiant Is transported to the 
condenser, where this quantity of heat plus the work of conpresslon is 
rejected. The heat-recelvlng fluid could be one of the same fluids Indi- 
cated for the air cycle. The thermodynamic cycle of the refrigerant 
shown by the enthalpy-entropy dlaigram In figure 6 Is discussed In 
appendix C. 


In order to conpare the mercury- vapor cycle on the same basis as 
the air cycle, that Is, system outlet pressure equal to system Inlet 
pressure, for the refrigerated air. It Is necessary to conpress the air 
enou^ to overcome pressure losses In the evaporator. This compression 
process affects both the air tenrperature-reductlon ratio and the power re- 
quirements of the system. The temperature change and power requirements of 
the compression process must be combined with those of the mercury-vapor 
cycle to fully evaluate the system. The power parameter and air 
temperature-reduction ratio in the mercury-vapor cycle can be related by 
the following equation derived in appendix C: 

e r -I ^ 


^3 


^r 


^C,r^®v,y " ^1,2^ 

- 


1 

^®v,y 



1 


Sv,x 

> 


In the mercury- vspor cycle the refrigerant tenperatures are assumed to 
be constant through the condenser and also throu^ the evaporator. That 
is, evaporation condensation take place at the saturation tenperatures 
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Tg and and their associated pressures ^eciTied in the analysis. 

Ten 5 )eratures and pressures in the superheated region vere not considered. 
The enthalpy and entropy used in equation (9) were obtained from tables 
in reference 10. 

The total pover parameter and the system ten 5 )erature-reduction ratio 
for the entire system are also derived in appendix C. The total power 
parameter for the system is 


^ ( 

Vs“p,l 


1 + 


V^aCp,sl3 / ^ ^C,s. 

and the system, air tenperature-reduction. ratio Is 


r-1 




1 


( 10 ) 


T-, 




r 

r ^ 1 

V 

\ nc,a 



( 11 ) 


vhere the system compressor pressure ratio is the reciprocal of the heat- 
exchanger (evaporator) pressure ratio as expressed, in equation (8) . 

The air tenperatuM ratio across the evaporator T^T 3 is also 
related, to the heat -exchanger effectiveness of the condenser and evapora- 
tor and to the receiver tenperature hy the foUxJWing ejq>resslon: 


^4_ 

T, “ CwiL},, , T„ 


t 1-i 


m 


(W(^) * " + - 


( 12 ) 


'a ®e ^e 


Values of l/m as a function of ^^c/Te tabulated in appendix C. 

The basic definition of heat-exchanger effectiveness is related to 
the condenser effectiveness used herein by the equation 




(vop)ar, 

CvCp)R _ ~ (vcp) 


= Sr, 


('WCp)jjij_]2 


^c - ^ 


(13) 
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and to the evaporator effectiveness used herein hy the eq,uation 

6 B % ~ ^4 _ jf (^°p)mln 
« (vcp)^ 

The mercury-vapor compression cycle was Investigated for the follow- 
ing range of variables and assigned constants: 

Evaporator refrigerant ten^perature, Tg, . . . . ^ . 910 to 1210 


Condenser refrigerant ten^ierature, Tg, °R 1460 to 1760 

Refrigerant conpressor efficiency, tjqj. 0.5 

Air conpressor efficiency, t)q g, • • • • ' 0.7 

Heat-exchanger (evaporator) pressure ratio, P 4 /P 3 0.9 to 1.0 


A plot of the power parameter sgaliist Tg/Tg for 

values of T 3 /T 4 Indicated that, in addition to its rffect on the ratio 
Tc/Te# ^e ® secondary effect on the power parameter. For values of 

Tc/Tg "below 1.5, this effect was considered small enough that a mean 
cunre for the range of Tg investigated could "be used. From such a meeui 
curve, uniform steps in Tg/lg from 1.1 to 1.5 were selected for further 
Inve st Igat ion . 

In order to evaluate fully the mercury- vapor cycle, equations (9) to 
( 12 ) must be evaluated simultaneously. Fortunately, these equations can 
be shown on a single plot for assigned values of the condenser effective- 

(VCp)R 

ness parameter £_ > , ■ and evaporator effectiveness 

(wcp)a ® 


(14) 


Effect of Power Extraction on Turbojet-Engine Performance 

Air refrigeration systems can cause a number of effects on engine 
performance. The use of compressor bleed air for turbine cooling results 
in variations in engine performance, as discussed in reference 11 . Addi- 
tional changes that air refrigeration can cause in engine thrust and 
specific fuel consumption can result from (l) power extraction to drive 
the refrigeration system; ( 2 ) heat-exchanger drag on the heat-sihfc side: 
if heat is rejected to the engine air, the exhaust-nozzle pressure ratio 
is affected; if heat is rejected to bypass ram air, the effects of taking 
this air aboard plus the ducting pressure losses and the effect of air dis- 
charge must be accounted for; (s) heat addition to the heat sink: the 

engine fuel consumption will be affected if heat is added to the engine air 
or fuel. An evaluation of the effects listed under (2) and (3) requires 
that the over-all refrigersuat-system design be known. Once this is estab- 
lished, the heat receiver and its location are specified, and the heat 
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exchanger can he desigtied to accommodate the pressure losses which may 
he encountered. Since these conditions are difficult to generalize, only 
the effect of power extraction will he studied. This effect was analyzed 
hy the method of reference 12 . 

G?he variahles and assigned constants in the study of i^ie effect of 
power extraction on turbojet -engine performance are shown in the follow- 
ing table. The con 5 >onent efficiencies and the pressure losses within the 
engine were essentially the same as for the engi ne analyses presented in 
references 8 and 11 . 


Flight l^ch number, M 2.5 and 3.0 

Turbine- inlet teo^erature, 2500 

RngiTw congpressor pressure ratio at fligiht conditions . . . . 2, 4, or 6 

Afterhiurner temperature, °R 3500 

Power extraction term Btu/(lh) 0 to 40 

Flight altitude i. Stratosphere 

Engine con^ressor adiabatic efficiency 0.88 

Engine turbine polytropic efficiency 0.85 

Primary-combustor efficiency 0.98 

Afterburner efficiency 0 .90 

Exhaust-nozzle efficiency 0.90 

Primary-combustor pressure ratio 0.95 

Tailpipe and afterburner pressure ratio 0.90 

Tailpipe pressure ratio without afterburner 0.99 

Earn recovery at M = 2.5 0.75 

Earn recovery at Hb3.0 0.65 


EESUITS AND DISCUSSION 
Air-Cycle Eefrlgeration 

Generalized presentation . - Generalized results of the power require- 
ments for the air-cycle refrigeration system are presented in figure 2 . 

As Indicated by equation (l), the ten^>erature-reduction parameter decreases 
linearly with increasing cycle power parameter fca* each refrigeration- 
cycle coD 5 >ressor pressure ratio. For a given value of ten^perature- 
reduction parameter, the power parameter incnreases with increasing cycle 
con^ressor pressure ratio. In order to make use of figure 2, it is nec- 
essary to know and f in terms of the more commonly used parameters 

(adiabatic turbine efficiency and heat-exchanger pressure dix^ 

P 3 /P 4 .) . Figure 3 presents the variation of n* with turbine pressure 
ratio for four values of (0*5# 0 . 6 , 0.7, and 0 . 8 ). T he value of 

decreases with Incnreasing turbine pressure ratio. For a pressure-ratio 
Incirease from 1 to 10, the decirease is 15 percent for - 0.80 and about 
31 percent for Tiip » 0.50. The variation of the heat-exchanger pressure- 
drcjp parameter i(r with casn^ressor pressure ratio is given in figure 4 
for three values of heat-excdianger pz^ssure ratio. 
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It must be eni>]aaslz€d that figure 2 can only be used to determlixe 
the power required to obtain a given tengjerature-reduction ratio Tg/T-]_. 

The figure cannot be used alone to determine what tenqperature-reduction 
ratio is possible. The possible tengierature reduction is a function of 
the heat removed from the cycle and can be eaqpressed in terms of a heat- 
exchanger effectiveness and the ratio of receiver to cycle inlet 

temperature Tj^Ti* Further discussion on this heat removal will follow 
in the subsequent section. 

Effect of beat s1.nk on teiqperature reduction and power . - For an 
aircraft engine^ the tempf^-patnre level at the Inlp -t tn refrigeration 

cycle is a function of the flight Mach number as it affects the engine 
inlet-air ten^erature throu^ ram and the pressure ratio of the engine 
compressor up to the inlet of the refrigeration cycle. At fli^t Mach 
numbers of about 2.5 or higher^ air bled from the engine conpressor can 
easily become too hot to use advantageously as a coolant for engine com- 
ponents or accessories. Fbr cabin pressurization or cooling^ the bleed 
air is probably too hot at all flight speeds. For these conditions a 
device for refrigerating the bleed air will probably be requlr^. 

Figure 7 presents performance plots for air-cycle refrigeration ( see 
fig. l) for conpressor and turbine adiabatic efficiencies of 0.70. This 
is probably a reasonable value of efficiency for small compressor and 
turbine conponents because higher efficiencies are usixally found only on 
larger conponents such as the main conpressor €uid turbine in turbojet 
engines. The relation between the system air tenperature-reduction ratio 
T 5 /T 1 , the air-cycle system conpressor pressure ratio 

power parameter ^t/^a^_,a^l obtained from equation (l) or figure 

2. It is important to note and remember that^ when einy combination of 
the tenperature and power parameters is chosen, the heat that must be 
rejected from the air cycle to a heat slnh is a fixed value. This value 
of heat rejection can be expressed in terms of the heat-exchanger effec- 
tiveness and the ratio of receiver to air-cycle inlet tenperature 

Tj^T^. The effect of these factors can also be plotted as shown in fig- 
ure 7. Figvire 7(a) is for a heat -exchanger effectiveness of 0.6, and fig- 
ure 7(b) is for an effectiveness of 0.8. A range of tenperature ratios 
Tj^T 2 _ from 0.6 to 1.2 is covered. The air cycle is acting as a heat 
punp only when is greater than 1.0. The air cycle is not acting 

as a refrigeration device when i® greater than 1 . 0 . Hi^er values 

of are shown by lighter lines to show trends, but these values are 

of- no practical significance. 

Before the significance of figure 7 is discussed, it must also be 
pointed out that the vertical lines near the ordinate for P 3 /P 1 = l/(P 4 /P 3 ) 

represent the case where there is no air cycle. This is the aftercooler 
case, and the compressor pressure ratio is only hi^ enou^ to overcome 
the pressure loss in the heat exchanger • — 
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For conponent efficiencies of 0.70 and a heat-exchanger effective- 
ness of 0.6 (fig. 7(a)), the air cycle is of absolutely no value. For a 
given ratio of system outlet temperatures that are equal to 

or lower than those obtainable with air-cycle systems can be obtained by 
use of only £in aftercooler. A somewhat greater tenqperature reduction can 
be obtained with an air cycle Idian with an aftercooler if the heat- 
exchanger effectiveness is increased to 0.8 (fig. 7(b)). The advantage 
of the air cycle over the aftercooler becomes less, however, as 
decreases. With a heat-exchanger effectiveness of 0.8, the cycle can 
also be used as a heat pungp (T^T-j^ > l.O) J this was not possible for an 
effectiveness of 0 . 6 . 

Also shown in figure 7 is the effect of heat -exchanger pressure ratio 
on air-cycle power requirements. The effect is shown for only 
three con^ressor pressure ratios, and it consists of displacing the 
auxillsory-compressor pressure-ratio lines sli^tly. 

The effect of component efficiencies for the air -cycle con^pressor 
and turbine is shown in figure 8 for efficiencies of 0.50, 0.60, and 0.80 
(^n = T]_ = 0.70 is shown in fig. 7) for values of heat-exchanger effec- 

Et JL 

tlveness of 0.6 and 0.8. In figure 8 and all subsequent figures on the 
air cycle, the heat-exchanger pressure ratio ^’ 4/^3 was assumed to be 
0.95. As would be expected from figure 7, efficiencies lower than 0.70 
would make the air cycle unacceptable for a heat-exchanger effectiveness 
of 0.6 (figs. 8 (d) and (e)) . It will be noted from figure 8 (a) that the 
air cycle is also impractical when used with a heat-exchanger effective- 
ness of 0.8 for component efficiencies of 0.50 and probably impractical 
for efficiencies of 0.60 (fig. 8 (b)). About the only condition shown in 
figure 8 where the air cycle appears to be promising is for the case where 
the component efficiencies are 0.80 aruS the heat-exchanger effectiveness 
is 0.8 (fig. 8 (c)) . 

Figure 9 shows air-cycle performance for component efficiencies of 
0.70 and temperature ratios T 2 j/Tq_ of 0.6 and 1.0 for a range of values 
of heat-exchanger effectiveness. For either tempe 2 :ature ratio 
the values of heat-exchanger effectiveness of 0.6 or less are impractical 
because a simple aftercooler system is equally or more effective. At an 
effectiveness of 0 . 8 , the air cycle is only a sll^t improvement over the 
after cooler for =0*6. A hi^er effectiveness, of course, results 

in improved air-cycle perf onmance . 

• 

Compressor pressure ratios for free-r»mn1ng system . - In using an 
air cycle where part of the compression can be accomplished in a large 
compressor such as the main compressor of a gas-turbine engine, it may 
be desirable to utilize the auxiliary (expansion) turbine power instead 
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of a source of power external to the C 7 cle to drive an auxiliary compres- 
sor. For this case ^2-5 ® 0* Since heat is removed from the air in the 
heat exchanger prior to passing through the auxiliary turbine (see fig. 
l), the power that the turbine can produce is quite limited the pres- 
sure ratio of the auxiliary con^ressor that the turbine drives will be 
considerably less than the turbine pressure ratio. The turbine pressure 
ratio will be the product of P 3 /P 1 and P 4 /P 3 , since it is specified 
that there is no pressure change across the air cycle and therefore 
% = ^1- 

The auxiliary-compressor pressure ratios P 3 /P 2 for "Wie case where 
the auxiliary- turbine power is exactly equal to the auxiliary-oori 5 )ressor 
power is shown as a parameter in figure 10 for a range of coss>onent effi- 
ciencies from 0.50 to 0.80. For component efficiencies of 0.60 and lower, 
the auxiliary- compressor pressure ratio ceumot be higher than about 1.4. 

For component efficiencies of 0.80, the auxLllary-conpressor pressure ratio 
cannot be higher than about 2.2 even for auxiliary- turbine pressure ratios 
approaching 10. These results indicate that for free-running systems the 
main purpose of the auxiliary compressor would be as a convenient power- 
absorption device for the auxiliary tiurbine. The allowable pressure ratio 
of the auxiliary compressor could not contribute to an appreciable reduc- 
tion in the air-cycle outlet temperature. 

It should be pointed out that the results presented in figure 10 in 
no way affect the results presented in figures T to 9. Overlays of fig- 
ures having the same component efficiencies are possible sq that the 
comibined effect of heat -exchanger effectiveness, temperature ratio 
and free-running compressor pressure ratio can be observed. In other 
words, figures 7 to 9 are applicable to both free-nmnlng and mechanically 
coupled systems. 


Mercury- Vapor Compression Cycle 

A vapor compression refrigeration .cycle is of interest because it 
more nearly approaches the reversed Carnot cycle than the air cycle does. 
It can therefore be eapected to be more efficient and require less power 
to operate. For the Intended application for this type of cycle (refrlg- 
er^' ting engine compressor bleed air whose, .temperatiire. level may be between 
1000° to 1500° E) there are few satisfactory refrigerant fluids. As pre- 
viously mentioned, mercury vapor was chosen for this particular study 
because its thenmodynamic properties make it a suitable refrigerant for 
this appli ation and the data pertaining to the physical properties of 
mercury are readily available. 

Eesults of this study are presented in figure 11 , which is essen- 
tially a c^'tmbination of three separate plots. The obtainable system air 
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ten®erature-reductioii ratio is plotted against the power parameter as 
previously done for the air cycle. The narrow plots of Inclined lines 
attached to the ordinate and abscissa account for the effects of the com- 
pressor pressure ratio needed to overcome evapoirator pressure drop on 
cycle tenperature ratio (eq. (ll)) and cycle power (eq. (lO)). The com- 
pressor adiabatic efficiency used was 0.7. The principal part of the 
figure Is that bounded by the line for an evaporator pressure ratio of 
1.0 on the ordinate and abscissa. The ordinate Is the air temperature- 
reduction ratio T^T 3 across the evaporatorj the abscissa Is the refrig- 
erant compressor power parameter ® conpresslon effi- 
ciency of 0.50. The solid lines of constant represent the param- 

eter within the brachets of equation (9), which Is a function of liquid 
and vapor saturation enthalpies and entropies for the evaporator and con^ 
denser tenperatures. The parameter within the bracket Is primarily a 
function of the ratio T^/T^. The secondary effect of temperature 
level T^ on the parameter was ignored for this presentation since It 
was considered negligible for values of T^/Tg less than or equal to 1.5. 

The plot can be read by following the arrows shown in the figure. 

For example, starting with a desired system air tenperature-reductlon 
ratio, read across horizontally to the desired value of evaporator pres- 
sure ratio P^P 3 . Then follow between the adjacent Inclined lines. 
Interpolating between them, until the principal ordinate T 4 /T 3 is 
reached. The main plot is then entered horizontally until the desired 
value of Tg/T 3 or T^/Tg Is leached. From this point proceed verti- 
cally downward to the abscissa. The plot of Inclined lines along the 
abscissa is read In a similar manner (only reversed) as that along the 
ordinate . 


The performance plot for the mercury- vapor system is similar to 
those for the air system in that it must be remembered that any combina- 
tion of and ^t/'”a^,a^l results In a fixed amount of heat that 

must be rejected from the refrigeration cycle. As a result, the tenpera- 
ture reduction that is possible is a function of the receiver temperature 
and the heat-transfer characteristics of the condenser euad evaporator. 

By means of equation (12) these effects can be fully evaluated. 


In order to show the lowest system air temperature-reduction ratio 
Tg/Tj^ that is possible for a given value of lines are 

included on figure 11 with hWTs as the parameter. For s_ = 1.0 and 
(■wCd)r 

6 _ e, (fig. 11 (a)), a very substantial system air ten 5 »erature- 

(vcp)a 

reduction ratio (Tg/Tj^ less than about 0.7) with the mercury- vapor cycle 


will probably require a receiver ten 5 )erature tliat is colder than the sys- 
tem inlet-air ten^erature . For Tg/^i greater than 0.7, It is possible 
to use the cycle as a heat pump. 



16 


NACA. EM E56GL3 


The figure also shows that the use of a condenser -to -evaporator tem- 
perature ratio Tc/iPe Sweater than about 1-3 Is generally wasteful of 
power required to drive the cycle. At higher values, the power generally 
Increases very substantially with only slight additional reductions In 
system outlet temperature except for TR/T 3 > 1 . 0 . 




0.8 and = 4) the obtainable system outlet temperature 


Figure 11 (b) lndl(iates that with more realistic parameter values 

<1^- A 

7 

T 5 Is not as low as shown In figure 11(a) . For example, at a constant 
parameter value of = 0 . 6 , and a constant power parameter of 0 . 45 , 

the system air tenperature-reductlon ratio Is 0.47 In figure U(a) 

0.66 In figure 11 (b) . 

The effects of and on air temperature-reduction 

ratio T 4 /T 3 for the cycle are Illustrated In figure 12. For simplicity, 
the ordinate on these plots does not include the effect of air compression 
required to overcome air pressure drc3p acnross the evaporator on tempera- 
ture as was shown in figure 11. Under the rather wide range of conditions 
Illustrated, the evaporator heat -exchanger effectiveness and the 


condenser effectiveness parameter e 




must be maintained as high 


(wcp)a 

as possible in order to obtain low cycle outlet temperatures. For this 
cycle, it usually will be necessary for the product wcp for the receiver 
fluid tb be several times (at least 4) as great as wcp for the air in 
the cycle In order to obtain appreciable air temperature reductions. 


A rou^ Indication of the power requirements for both air euid 
mercury- vapor cycle can be obtained from figures 9(b) and 11(a), respec- 
tively, for the ideal cases where the heat exchangers in both cases have 
the hipest possible eff ectlvex^ss . Using conditions that are duplicated 
in both curves, it can be seen from figure 9(b) that a system air 
temperature -reduction ratio %/T]_ of 0.85 requires a power parameter of 
0.27 for the air cycle. The power petrameter required for the mercury- 
vapor cycle (fig. 11 (a)) is 0 . 11 , and it is obtained by following the 
Illustrative line on the figure. It will be noted that for Tp/T^ = 1.0 



0.835 

0.85 


0.982 


using the equation shown In the figure. The value of T 4 /T 3 is read 
from the ordinate to the right of the inclined lines for a value of 
P 4 /P 3 =0.95. 
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can "be o^btained from figures 9(b) 
for the mercury- vapor system. Star a system 


A con 5 >arison of the two systems for nore practical values of heat 
exchanger effectiveness = 0.8 

and 11(b) when / °P» ^ = 

° (wc5p)a 

air ten^ierature -reduction ratio of 0,85, the power parameter is 

now 0.80 for the air cycle and 0.30 for the mercury- vapor cycle. In both 
exan 5 )les, the power for the mercury-vapor cycle is less than half of that 
for the air cycle. Although the savings in power using the mercury -vapor 
cycle will not necessarily always be of this magnitude, the higher effi- 
ciency of the cycle is illustrated. Under some modes of operation where 
Tq/Tq is high, the mercury- vapor cycle will become less efficient. 


From this rather preliminary study of air and mercury-vapor cycles 
and aftercoolers, these systems are probably feasible for refrigerating 
air that must enter the system at temperature levels of approximately 
1500° R. For the case where the aftercooler is not sufficient for obtain- 
ing air temperature reduction, either the air or mercury-vapor cycles 
could be used, but the mercury-vapor cycle is more efficient. In this 
study, weight was not considered in evaluating the systems; such a study 
would be required before the final choice of a system could be made. 


Variations and Combinations of Systems 

A number of variations to the systems discussed can also be evaluated 
by using the curves presented herein. Generally this evaluation is made 
by assuming the over-all system is made up of two or more simpler systems 
in series and by using the outlet temperature from one system as the inlet 
temperature for the next system. Ihe total power requirement for the 
entire system would then be the sum of the powers required for each of 
the simpler systems. 

It was mentioned previously that the after cooler could be evaluated 
from the curves presented for the air cycle; the system compressor pres- 
ence ratio Ps/Pq is taken as the reciprocal of the heat-exchanger pres- 
sure ratio P^P 3 . An air-cycle system with an after cooler both before 
and after the compression process can be evaluated by assuming the air 
cycle shown in figure 1 to be in series with an after cooler. An after- 
cooler ahead of a mercury-vapor cycle could also be evaluated in a similar 
manner. Another alternative might be an air cycle in series with a 
mercury- vapor cycle. However, the charts presented herein cannot be used 
to evaluate an air dycle with a heat exchanger located at station 2 (fig.' 
l) for any case except where the pressure ratio P 2 /P 1 1® the reciprocal 

of the heat-exchanger pressure ratio. 
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Effects of jRefrigeration Systems on Turlx)jet-Engine Performance 


As indicated earlier, the effects of engine shaft power extraction 
were studied for a turbojet engine with a turbine- inlet temperature of 
2500° R at flight Mach numbers of 2.5 and 3.0 for engine operation with 
and without afterburning. The sufterbuming temperature was 3500° R. 

Engine compressor pressure ratios of 2, 4, and 6 at flight conditions were 
studied. The shaft power extraction parameter was varied from 0 

to 40 Btu per pound of engine air. The results of this study are pre- 
sented in figure 13. Prom this flgttre it is evident that the nonafter- 
buming engine is more sensitive to the effects of shaft power extraction 
at both flight speeds but is more so at the higher flight Mach number. 

Not only are the magnitudes of the effects greater, but also the effects 
of compressor pressure ratio are more pronounced with the nonafterbuming 
engine. The decrease in relative thrust and Increase in relative thrust 
specific fuel consunption are almost linear with shaft power extraction. 


As an exan^ile of possible effects on engine performance . due to shaft 
power extraction for operating a refrigerating system, consider the power 
parameters of 0.80 and 0.30 for the air and mercury- vapor cycles, respec- 


tively, that were used in a previous illustration for 

(ygp)R _ 




0.8 and 


(vcp)j 


= 4. Also assume that 5 percent of the con^pressor air Is hied 


off for refrigeration (a reasonahle value for tuxhine cooling purposes) 
and that the bleed temperature 1500^ R. The shaft power extrac- 

tion parameter can he calculated from 




■ ^t 
^a°p,a^l 



(15) 


The following table lists the relative thrusts and thrust specific fuel 
consumptions obtained from figure 13 for an engine with a compressor 
pressure ratio of 4 at a flight Mach number of 2.5: 


Engine 

Air cycle 

Jfercury-vapor cycle 


Relative 

thrust 

Relative 

thrust 

specific 

fuel 

coixsump- 

tlon 


Relative 

thrust 

Relative 

thrust 

specific 

fuel 

consump- 

tion 

Nonafterburning 

Afterburning 

14.35 

14.95 

0.927 

.972 

1.078 

1.050 

5.60 

5.60 

0.974 

.991 

1.026 

1.017 


I. 


5014 




<35-3 taok 50X4 
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Erom. the preceding table, ■which, coasiders only the performance losses 
due to engine shaft power extraction, it can he seen that the power extrac- 
tion required for the air cycle can cause the thrust to he reduced over 7 
percent and the thrust specific fuel consumption increased hy about the 
same percentage. For the mercury- vapor cycle the performance losses from 
power extraction are about one-third as great. If an aftercooler will serve 
satisfactorily so that an air or vapor cycle is not required, there will 
be practically no power extraction. For both air and mercury-vapor cycles, 
the afterburning engine has a smaller loss in thrust than the nonafter- 
burning engine because exhaust-gas temperature is maintained constant by 
burning more fuel in the afterburner. The loss in thrust for the after- 
. burning engine is entirely due to a lower pressure in the exhaust nozzle 
caused by a larger required pressure drop across the turbine. For the 
nonafterburning engine the thrust is decreased by a reduction in both 
temperature and pressure of the exhaust gases . 

The performance losses listed in the table do not Include the effects 
of bleeding air from "aie cou^^ressor or the effects of pressure losses or 
heat addition if engine air is the recei'ving fluid. The effects of bleed- 
ing air from the conrpressor are discussed in reference 11. Such effects 
may be greater than the losses due to power extraction of the mercury- 
■vapor refrigeration cycle, but ■will probably be less "than the power ex- 
traction losses for the air cycle. Ey refrigerating the cooling air, the 
quantity that must be bled for turbine cooling can be reduced. It is 
possible that in some cases there may be a net gain in performance using 
refrigeration because of the smaller quantity of air required for cooling. 

Each application of any of 'these systems to an engine ■will be a 
unique case. A pezformance study ■will have *to be made to determine effects 
of quantity of bleed air required, power extraction, and system weight on 
engine performance for a "Wide ■variety of systems to pick the system that 
■will result in "the best over-all engine performance . The study included 
herein cannot be generalized to the point of determining which ■will be the 
best system for every application, but use of the generalized curves that 
are presented ■will permit the engine designer to analyze the effects of 
these systems on his particular engine. 


CONCDJSIOlffi 

The conclusions drawn from a thennodynamlc study of air- cycle 
mercury- vapor- cycle refrigeration devices can be summarized as follows; 

1. For conpressor and turbine efficiencies (about 0.70) that seem 
feasible for small units, a heat-exchanger effectiveness of almost 0.8 
is required before an air cycle can be used to ob-tain a greater air tem- 
perature reduction than is possible with an aftercooler ■with the same 
heat-exchanger effectiveness. At these conditions, however, the air 
cycle can also be used as a heat pump (receiver •ten^ierature higher than 
air-cycle inlet temperature) . 
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2. A convenient mettiod for absorljing the power developed hy the 
auxiliary (expansion) turbine in an air cycle is to couple it to an aux- 
iliary compressor. The allowable pressure ratio permitted by this power 
source is so low, however, that it will not contribute to an appreciable 
reduction in the air-cycle outlet ten 5 >erature . 

3. A system enploying a mercury -vapor cycle appears to be feasible 
for refrigerating air that must enter the system at tenperature levels of 
approximately 1500° R, and this cycle is more efficient than the air 
cycle. Weight was not considered in evaluating these two systemsj such 

a study would be required before a final choice of a system could be made. 

4. It appears that the power required for the mercury- vapor cycle 
may have a smaller effect on engine performance than bleeding air from 
the compressor. By refrigerating the cooling air to reduce the quantity 
required, there may possibly be a net gain in engine performance in some 
cases. 


Lewis Flight Propulsion Laboratory 

National Advisory Committee for Aeronautics 
Cleveland, Ohio, July 18, 1956 
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APPENDIX A 
SYMBOLS 

Cp specific heat at constant pressure, Btu/(lb)(9R) 

S heat-exchanger effectiveness hy basic definition (eq,s. (6), (13), 
or (14)) 

H refrigerant enthalpy, Btu/lb 

M flight Mach nvuober 

m slope of line as defined in eq. (C13) 

P stagnation pressure, Ib/sq ft 

0^ power, Btu/sec 

Q total heat-transfer rate, Btu/sec 

S refrigerant entropy, Btu/(lb) (°R) 

T stagnation temperature, °K 

w wei^t flow, Ib/sec 

y ratio of specific heats 

T1 component adiabatic efficiency 

Ti* fictitious aiaxiliary- turbine efficiency defined by eq. (2) 

Tjf heat-exchanger pressure-drop parameter 

(wcp)a (wCp)R 

® heat-exchanger effectiveness for r \ or y - ■ =1.0 

'‘^^p^min pVin 

(eqs. (5), (Cn), or (C12)) 

Subscripts : 
a air 

C compressor (stations 1 to 3 for air cyclej stations x to y for mercury- 
vapor cycle) 


mCA EM 1S6G13 


condenser in mercury-vapor cycle, or mercury vapor In condenser 
engine air 

evaporator in mercury-vapor cycle, or mercury vapor in evaporator 

heat exchanger in air cycle 

ideal 

liquid refrigerant 

minimum 

receiver 

refrigerant ('when used with w refers to total~refrigerant weigiit 
flow) 

auxiliary turbine 
total 

vapor refrigerant 

stations in mercury-vapor compression cycle (fig< 5) 
stations in air-cycle refrigeration system (fig. l) 
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APPENDIX B 


DERIVATION OP WORKING EQUATIONS FOR ATR-CYCLE REFRIGERATION 

For the air-cycle refrigeration system it is specified that the 
pressures out of and into the system (fig- l) are equal, that is, 

Pg = Thus, P]_ = Pg is the prees^Ire at which air could he hied in- 

terstage from the engine compressor and supplied to the turhine for cool- 
!j ing. If the associated bleed temperature Ti is not low enou^ for 

3 cooling purposes, a lower temperature T 5 can he obtained by employing 

the system illustrated in figure 1. However, energy external to the cycle 
must he expended to operate the system. This expenditure of energy is 
necessary because of the component inefficiencies and pressure drop in 
the heat exchanger. Since the engine compressor is usually more efficient 
than the smaller auxiliary compressor, the air is not bled from the com- 
pressor until after it is compressed to engine compressor— discharge 
pressure. Thus, the energy expended on the bleed air in the main engine 
compressor is 

^1-2 - ’'a=p,J ®2 - ’i) (Bl) 

The bleed air can then be further compressed in an atLxillary compressor. 
After cooling^ the bleed air in the heat exchanger can be expanded through 
-T the auxiliary turbine to further reduce its temperature and also to re- 

cover some of the energy expended in the compressors. The net energy" 
expenditure to the auxiliary-compressor and -turbine combination is 

^2-5 = ■^a°p,a('^3 - ^2) - '«^a‘^p,a(^4 " ^5) 

Obviously the total energy to operate the system is 

= ^ 1-2 + ^ 2-5 = •»^a°p,a(T3 - ^l) - '^a°p,a(T4 - %) (B3) 

This can also be expressed as 



where 'n* is a fictitious turbine efficiency and efficiency 

of the entire cycle compressor process from stations 1 to 3. The relation 
between ri* and tiip based on turbine- inlet temperature can be obtained 

as follows. Using to express auxiliary- turbine work. 
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Using Tj* to express turbine work, 



^a^p,a(^4 - %) 





1 


From equation (BS) 



(B5) 


(B 6 ) 


(B5a) 


Dividing equation (B 6 ) "by solving for tj*-, and substituting equation 

(B5a) for T 5 /T 4 yield 



( 2 ) 


8 UQd defining 


r-1 


..sail 



r-1 

r 


(3) 


^TOC 



CE-4, 5014 
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yield 




''O.a (,WaOp .Tj,) 


- 1 


which is a general e^^ression relating the work and temperature ratio for 
the air cycle. 

When the product wcp for bleed air is the smaller of the two fluids 

used in a heat exchanger^ the heat -exchanger effectiveness can he expressed 
as follows: 

- T. 

®li “ Ts - Tr 

From an energy balance of the system. 


Tj - . Ii - I5 + — 


a“p,a 


Substituting equation (B7) into equation (5) and dividing by yield 

Tn 

‘h 

Ti - Ti 

The compression temperature ratio is 


= 1 + 


’lC,a \fl 


Substituting equation (B9) into equation (BS) yields 


•h ' 


X "5 , 

, r,,.,*? 1 




- 1 - 


(BIO) 
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Solving for from equation (BIO) , sulDstituting it into 

equation (l), and solving for yield 


Ts 


f 

r-1 -] 



/PA ^ 

1 

{ — i— 

1#) - 1 

+ If 

1 ’^C,a 

Vi/ j 

—1 


+ If (1 -ej,) + ^ 






r-1 

r 


- 1 


(4) 


+ 1 


which relates the air-cycle temperature ratio T^/T-j^ to the heat- 
exchanger effectiveness and the temperature ratio 

When no extemaJ. power is supplied to the shaft of the auxiliary 
compressor and turbine (^_5 =“ O) , equation (B2) combined with equation 

(B6) becomes 


T2 

’IC^a 


r 2ii 1 


■ . r-1 ■ 

1 

I H 

= n*Ts 



(Bll) 


Substituting equation (3) in equation (Bll) and dividing by T^_ yield 

r-1 





r-1 n 
r 

- 1 




" . X 



(B12) 


Since ^ 2-5 ~ equation (B3) becomes 

^t = '^a^p^a^Tg - W 

Dividing equation (B13) by Wg^Cp^g^T-j_ and transposing yield 


(B13) 


^2 

= 1 + 

w„c 


^t 


a^p,a^l 


(B14) 


5014 
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Substituting equation (B14) into equation (B12) yields tjie following 
expression for the auxiliary-compressor pressure ratio; 




(7) 
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APPENDIX C 


DERIVATION OF WORKING EQUATIONS FOR SYSTEM WITH 
MERCUEY-VAPOR COMPRESSION CYCLE 

The mercury- vapor cycle is illustrated schematically in figure 5. 

It can he seen that on the air side the heat exchanger between stations 
3 and 4 has been replaced by the evaporator of the mercury-vapor conpres- 
slon cycle end that the auxiliary conpressor and turbine are not present. 
Thus, in order to retain stations 1 and 5 as inlet and outlet, respec- 
tively, for the air side of the system, F4/P5 = 1, = 1, P3/P2 “ 

and T 3 /T 2 = !• The air temperature-reduction ratio across the evaporator 
T 4 /T 3 can be related to the rate of heat removal from the air by the 
following equation: 


«3-4 - - '^ 4 ) - ''a'=p,a%(l ' ^ (Cl) 

The power required to achieve this heat flow rate against an adverse 
temperature- difference can be determined from a thermodynamic analysis of 
the mercury- vapor compression cycle. The thermodynamic cycle of the 
mercury refrigerant is Illustrated in figure 6 . Station w represents a 
mixture of liquid and vapor refrlgerant_at the inlet to the evaporator. 

As the refrigerant flows through the evaporator, the liquid portion ab- 
sorbs the heat rejected by the bleed air. TSils heat absorption is accom- 
plished by evaporation of a portion of the liquid refrigerant at a con- 
stant pressure and tenperature . The mixttn^e of liquid and vapor refrig- 
erant at station x (with a hl^er concentration of vapor than entered 
the evaporator) is then compressed to the saturated vapor line at station 
y. As seen from figure 6 , the efficiency of compression determines the 
work AH required to achieve a saturated vapor. The temperature asso- 
ciated with the saturation pressure at station y is sufficiently higher 
than that of the heat receiver in the condenser so that the heat absorbed 
in the evaporator plus the work of conpresston can be rejected. Heat 
rejection in the condenser takes place at constant pressure and tempera- 
ture with change in state from saturated vapor at station y to saturated 
liquid at station z. In order for the saturated liquid to be returned to 
the evaporator in a state capable of absorbing more heat, the refrigerant 
is expanded through a throttling valve to the Baturation temperature and 
pressure in the evaporator (station w) . Since throttling is a constant 
enthalpy process, it is necessary for a portion of the liquid to flash to 
vapor during the process. . This accounts for the md^ure of liquid and 
vapor entering the evaporator at station w. 
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In this study, it was desiralale to know how the work necessary to 
operate the cycle varied with the rate of moving heat and the t«i 5 )erature 
difference against which it is moved. 

For isentropic cotipression the following two equations apply: 

'"r^v^y - " ('*’r " “ ""r ^C,ld (^2) 

^2,x®Z,x ■** ^^r “ ''’Z,x^®v,x “ '"r^,y 
Dividing equations (C2) and (C3) by w^ gives 

■^Z X 

^,r,id = “w^ (^,x - %,x) + ^,y - ^,x C^2a) 


^Z)X Sy^y - 

''r ^,x ■ ®v,x 


(C3a) 


Substituting equation (C3a) into equation (C2a) and dividing by the com- 
pressor efficiency yield the actual work per pound of refrigerant to 
operate the system: 



(C4) 


The condensing process from station y to z can be e::q)ressed by the fol- 
lowing equation: 


Q + Wp = w^CHy^y - Hj^g) 

Solving equation (C5) for Wj. yields 


(C5) 


w_ 


^,y - ®Z,z - ■^c,r 


(C5a) 


Since Wj. is the power to operate the mercury-vapor cotipression 

cycle, let Wj. ASq^j. = Combining equations (C4) and (C5a) gives 




Q 


(Sy,y - 


(C6) 


(^v,y ~ ^v,x)^^v^ ~ %,x) 


- 1 


’Z,x 


- S. 


v,x 


- ^,x 
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Equation ( C6) can te nade dimensionless; thus. 




’ (^.v - ^2.z)nc.r ’ 

(Sy,y - 6y,x)(^,X - %,x) _ „ 

- Sv,x 


(C7) 


- 1 


Substituting equation (Cl) into equation (C6) and tran^osing yield 


^3 




Wa°p,a^3 


tSy.y - 3^. 






v.x 


’l,x 


- S. 




f 


v.x 


+ ®v,y ■ 


- IV 


( 9 ) 


In order to coc^jare the mercury-vapor cons>ression cycle on the seune basis 
as the air cycle, the energy expended to overcome the air pressure drop 
in the evaporator must be taken into account since it is specified that 
Pg = This requires that prior to refrigeration in the evaporator the 

air pass through a conpressor with a pressure ratio sufficient to over- 
come the evaporator pressure drop: 


Pg ^3 _ 1 

Pi “ Pi pZT^ 


(C8) 


The energy required for this compression is 


^1-3 

o 

a p,a 


T, 


111 
P 3 \y 


„ ^ Ti /P3\ 

^ ^C,a[\fl) 


- 1 


Substituting equation (C8)_into equation (C9) and dividing by T-^ 


(09) 

yield 



(CIO) 


(ClOa) 
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Hierefore, since T 5 /T 4 = 1, 



•which expresses the tenperature ratio for the entire system. The total 
energy expended In this system Is the sum of -that shown In equations (9) 
and ( CIO) : 


^t ^ ^ (£3\ . ^ 

^a‘i),aTl ^a°p,a®3 ^l) ®1 


1 


Factoring Tg/T^^ 


and substituting for It from equation (ClOa) yield 


WaCp^a^i 




CIO) 


The obtainable air ten 5 )erature-reduction ratio across the evaporator can 
also be eisjpressed in tenas of the evaporator effectiveness and evaporation 
tenperature by means of equation (5) with revision of subscripts: 


^3 - 
Tg - T 


The condenser effectiveness can be stressed as 


(cn) 


®c 


(^gp)a 


(T, - T 4 ) + 




^r ~ 


(C12) 


There Is a linear relation "between ^/"w^aCp^aTg and T 4 /Tg In 
equation (9) (see fig. ll) If the temperature ratio Tj^/Tg Is main'balned 
cons'fcant. From numerical values obtained from equation (9), the follow- 
ing expression may be -written: 


^r 

WaCp^a^s 



1 

m 


(C13) 
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where values of 


l/m for "the mercury- vapor cycle are as follows; 


V2?e 

l/m 

1.1 

-0.240 

1.2 

-.540 

1.3 

-.945 

1.4 

-1.53 

1.5 

-3.01 


Combining equations (Cll) to (C13) results In 





1 


1 

m 


( 12 ) 
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Figure 2. - Variation of air ten5)erature -reduction parameter witli refrigeration power 
parameter oror range of air-cycle -systeni congiressor preaaure ratios. 
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Figure 3. - Variation of fictitious turbine efficiency with turbine pressure ratio 
for various values of auxiliary-turbine adiabatic efficiency. 
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Figure 4. - Variation of lieat-exclianaer pressure -(irop parameter with air-cycle-system 
compreaBor presaure ratio* 
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Figure 5. - Mercury -vapor-cycle refrigeration system. 
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Figure 6. - Entlialpy -entropy diagram for mercury- vapor cycle. 
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Plsure 6. - Kffaot of Djitaa coaponetit afflolenoiaa on parfoPMnoa of alr-oyoie rafrlsaration syataa for tvo values of hast- exchanger 
af f eotlvanaas . Haat^axobangar prasaure ratio* 0.96. 


lU 

H 


TM.CA BM E56G15 





0 .2 .4 .S .8 1.0 0 .2 .4 .6 .8 1.0 

(a) Batlo of racolver to lyatom Inlet-aij- temper^ (b) Ratio of receiver to eysten Inlet-alx teeper- 
atiire, 0.6. ature, 1.0. 
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(c) System con^nressor and turbine 
adiabatic efficiencies, 0.70 


(d) System. ccDgpre&sor and turbine 
adiabatic efficiencies, 0.60. 


Figure 10. - Permissible auxlllary^-cciigsressor pressure ratio for free-running alr^cycle 
refrlgeratloa system. Heat-exchanger pressure ratio, 0.95. 
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n. - Pw^onimnce plot far Bsrcury-Te^por-cycl® r«ftplaer»tlon ayrtm- Befirls«nmt cc»ipre«iOr «rfi- 
cloncy, 0.5j «yrteai ftlr coiiJiresaoa- «diBbatlc eXtlcleucy, 0.7; 14 /^ 3 # evaporator tanparatore-raductlon 
ratio. 
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Figure 11. - Conclodod. Perttamance plot fur uwciirT-Tapor-Qyclo refrigeration eynteau Refrigerant 
co^preaBar efflclaDcy^ 0.5j syetea air cot^aBoor adiabatic efficiency, 0.7> Ta/Tt, eraporator 
tm^emture-reduction ratio. 
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(c) Candenaor-evaporator tenperotm^ ratio, 1-5; 
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Figure 12. - fiffoot of oondmuiBr and erapcrator 
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(d) Condenser HTTsporat or tei^poratura ratio, 1.2^ 
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perature, ;l.o. 

BffectiToneBB on ii»rcury -vapor- cycle perfomance. 
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(a) Plight Mach number, 2.5 (b) Flight Mach number, 3.0. 


Figure 13- - Effect of engine shaft power extraction on relative thrust 
and relative thrust specific fuel consumption. 
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